Absorption spectroscopy in the long wave infrared provides an effective method for identification of various hazardous chemicals. We present a theoretical design for plasmonic band-pass filters that can be used to provide wavelength selectivity for uncooled microbolometer sensors. The microfilters consist of a pair of input reflection gratings that couple light into a plasmonic waveguide with a central resonant waveguide cavity. An output transmission grating on the other side of the structure pulls light out of the waveguide where it is detected by a closely spaced sensor. Fabrication of the filters can be performed using standard photolithography procedures. A spectral bandpass with a full-width at half-maximum (FWHM) of 100 nm can be obtained with a center wavelength spanning the entire 8-12 μm atmospheric transmission window by simple geometric scaling of only the lateral dimensions. This allows the simultaneous fabrication of all the wavelength filters needed for a full spectrometer on a chip.
Introduction
Detection of long-wave infrared (LWIR) light in the 8-12 μm atmospheric transmission band is an important area of research with a high demand for good wavelength resolution, high sensitivity, portability, and affordability. An important application for LWIR detection is absorption spectroscopy for remote sensing of chemical vapors [1] . There have been several approaches for spectral imaging of LWIR light. One approach is to rapidly tune a liquid crystal-filled Fabry-Perot etalon coupled with a cooled LWIR camera to detect light over a wide wavelength range with good spectral resolution [2] . Cryogenic cooling, however, greatly increases the cost of operation and portability of the detector. Uncooled microbolometer sensors are commonly used as an alternative to the cooled detectors for thermal imaging, but they show low sensitivity [3] . It has been shown in recent work [4] that uncooled microbolometers, absorbing only a narrow band of radiation, can have sensitivities approaching that of cooled detectors. There are several ways to narrow the band of absorbed light in a microbolometer detector, including antennas [5] [6] [7] , metamaterials [8] [9] [10] [11] , and vertical optical cavities [4, [12] [13] [14] [15] [16] [17] . Vertical Fabry-Perot cavities are especially convenient to use since they can be placed above conventional microbolometer arrays. However, this requires the vertical dimensions to be changed for the detection of different wavelengths. The most common way this is achieved is by tuning the resonant wavelength by moving one of the mirrors via an included microelectromechanical system (MEMS) element. However, this scheme tends to be vibrationally sensitive and requires a high bias voltage. Surface plasmon supporting structures, involving metal gratings, have also been exploited to enhance the signal-to-noise ratio of an integrated detector [18] . In that design Yu et al. demonstrated a bandpass with FWHM of less than 200 nm in a structure that could be optimized for wavelengths between 7 and 11 μm. However, the integrated nature of their device would require fabrication of the detector as part of the structure. Also, for spectroscopic applications, high spectral resolution is necessary. The vertical Fabry-Perot resonators discussed above have bandwidths of 150 nm or larger [2, 8, 12] .
Here, we present finite-element simulations of plasmonic bandpass microfilters with a target bandwidth of 50-100 nm that can be combined with a conventional microbolometer Figure 1 : Schematic of wavelength filter and microbolometer array. The upper view shows the entire structure to the extent of the input gratings. The inset, shows the waveguide cavity, microbolometer cavity, and the first few periods of the input grating. The first two periods of the input gratings can be seen on the left and right edges of the inset and the four periods of the output grating can be seen in the center of the inset.
array. A set of adjacent microfilters with different center wavelengths would convert the microbolometer array into a spectrometer. The center wavelength in our design can be adjusted over the full LWIR band by changing only horizontal dimensions, allowing a full spectrometer on a chip to be constructed in a single set of 4 lithography steps. Since there are no moving parts, this is a design that is vibrationally insensitive and simple to manufacture while maintaining the high sensitivity and low noise of a Fabry-Perot cavity.
Description of the Structure
The microfilter structure consists of two input gratings on either side of a central waveguide cavity with an output grating on the opposite side that has a cavity to direct optical energy into the microbolometer detector. A schematic of the microfilter is shown in Figure 1 . Light is incident from the top, through a zinc selenide substrate and is grating coupled into a plasmonic waveguide consisting of a deposited ZnSe layer (ZnSe-1 in the figure) of thickness t ZnSe,1 , a germanium layer of thickness t Ge , a ZnSe layer (ZnSe-2 in the figure) of thickness t ZnSe,2 , and an aluminum layer of thickness t Al . ZnSe was used as a substrate to index match the ZnSe-1 layer, but the design could easily be adapted to support lower-cost silicon wafer substrates. This can be achieved by depositing a thick enough ZnSe-1 layer on a silicon substrate that only a small amount of field penetrates the substrate. ZnSe-1 thicknesses as low as 2.5 μm shows field penetration of only 1%. The lower surface of the germanium has an input grating with N G grooves of depth d G . These four layers form a hybrid plasmon/dielectric slab waveguide, where the grating couples light at certain resonant wavelengths into the waveguide and reflects offresonance wavelengths. Because of the plasmonic component, the input grating strongly selects TM polarization. The grating depth and number of grooves control the bandwidth and the efficiency of coupling of light into the waveguide. The thicknesses of germanium and ZnSe-2 control the effective mode index of the waveguide. These parameters can be adjusted to affect the coupling efficiency and ohmic losses. In order to allow for easy and affordable fabrication of microfilter arrays, it is important that filters for different wavelengths can be manufactured with the same vertical dimensions, allowing all pixels to be fabricated using the same lithography steps. Therefore, in our simulations, vertical dimensions were initially optimized for operation near 10 μm and then held constant for all the structures discussed in this paper. The input grating periodicity (Λ G ) can be adjusted without extra lithography steps and was therefore used to select the resonant wavelength.
Once coupled into the waveguide via the input grating, light travels into a central waveguide cavity of width w cavity . A lateral Fabry-Perot resonance is set up with the gratings acting as mirrors and the gap between the gratings as the cavity [19] . The cavity resonance increases the Q (reduces FWHM) and also provides additional filtering of unfiltered light. A metal cap of thickness t cap located over the cavity area, of width w cap , prevents direct transmission of undesired wavelengths. An opening in the aluminum layer under the cavity provides an exit path for light to reach the detector. An output coupling grating, with N C grooves of depth d C , would be etched into the germanium layer of the cavity. The cavity groove depth not only adjusts the coupling efficiency for light coming out of the cavity, but also decreases the quality of the cavity resonance. The width of the cavity (w C ) and the periodicity of the cavity grating (Λ C ) can be adjusted to provide additional wavelength selectivity. This is possible since Fabry-Perot etalon theory states that the transmitted wavelength is dependent on the cavity length. Also, the resonant wavelength of the grating is dependent on the periodicity of the grating.
Once the light leaves the cavity, it enters the region containing the microbolometer detector array. The filters can be fabricated on the inside of the Si wafer lid used during wafer level vacuum packaging [13] , providing a vibrationally insensitive, fixed spacing between the filter and microbolometer pixels. One filter structure covers about 11 microbolometers in the array, each microbolometer being 45 μm wide. To provide the maximum flexibility in cavity size while illuminating a single pixel, an early-generation focal plane array geometry with 45 μm pixels with 2 μm gaps was used, but the results indicate that smaller pixel sizes as described in [20] or [21] could be used equally well. A continuous gold back reflector was incorporated into the model instead of the standard patterned aluminum reflector in order to minimize potential losses. Gold was expected to improve performance, but, since both aluminum and gold are very good metals in this wavelength range, the structure was insensitive to the type of metal in the reflector. The microbolometer pixels were placed 2 μm above the back reflector in order to form a quarter wave resonant cavity for the LWIR band. The simulated microbolometer pixel included only SiN/a-SiGe/SiN layers without the broad band metal absorber typically included in imaging arrays. The metal absorber was found to be unnecessary in our design because the deposited SiN has an absorption band spanning the LWIR region of interest. The vertical position of the back reflector (h M ) to the filter was adjusted to maximize coupling into the microbolometer. Note that our 2D simulation assumes a long dimension into the page of Figure 1 . The structure will then lie on a line of microbolometers, where the response of the adjacent microbolometer pixels can be summed. The nearest neighbors in the line of microbolometers can be seen in Figure 1 as well.
Results
All 2D simulation was done using the commercial finite-element analysis package, COMSOL Multiphysics, which solves the frequency domain Helmholtz equation for the electric and magnetic fields. A mirror symmetry axis was used on the left boundary (center of structure) to reduce memory requirements, with all other boundaries truncated using perfectly matched layers [22] . Optical constants for ZnSe and metals were taken from the literature [23] [24] [25] , while spectroscopic ellipsometry was used to measure optical constants of Ge, SiGe, and SiN films grown using plasma-enhanced chemical vapor deposition in our labs. All measured optical constants are presented in the Appendix section. Three structures were simulated and optimized to detect light at wavelengths of 9, 9.9, and 11 μm, respectively. The steps in the optimization were as follows. First, the input grating periodicity was set to have a primary coupling resonance at the desired wavelength. Next, the cavity was optimized, and finally the vertical spacing between the filter and microbolometer array was optimized. Two figures of merit were calculated to describe the performance of the structures for the optimizations: transmitted power normalized to the incident power on the entire structure, and the spectral bandwidth as measured by the filter response Q (peak wavelength/ FWHM). There was often a tradeoff between these figures of merit, as discussed in Section 3.2.
Input Grating Optimization.
Keeping the layer thicknesses fixed, the input grating periodicity was varied to study the effect on the peak wavelength. The layer thicknesses were fixed so that the structure can be fabricated with a single set of lithography steps. When the grating period is equal to integer values of the free-space wavelength divided by the effective index of the waveguide mode, the light is efficiently coupled into the waveguide. Therefore, if the layer thicknesses remain constant, the peak wavelength can be chosen by adjusting the grating periodicity. Figure 2 shows the coupling efficiency for incident light coming into the waveguide as a function of wavelength for five different grating periodicities. There is a linear relationship between grating periodicity and peak wavelength over the LWIR wavelength range (8-12 μm) . The relationship can be expressed as λ 0 = 3.06Λ C + 1.37, where λ 0 (peak wavelength) and Λ C (grating periodicity) are both expressed in microns. This shows that the effective mode index is roughly constant over the LWIR band. Power is coupled equally in both directions because of the square grating profile, as can be seen in the inset of time average power flow.
This linear relationship will make designing different gratings for different wavelengths very simple. Because of higher-order couplings, gratings with larger peak wavelengths exhibit second-order peaks at smaller wavelengths. The second-order peaks for the gratings with periodicities of 3.14 μm and 3.46 μm can be seen at wavelengths of 8.2 μm and 8.75 μm, respectively. It will be shown in Section 3.2 that these secondary peaks can be suppressed using a cavity and have little effect on the completed device.
The number of grooves was also optimized by varying the number of grooves while keeping the vertical dimensions the same. Figure 3 shows how the number of grooves affects coupling efficiency and quality factor. As the number of grooves increases, the quality factor continually increases, but the coupling efficiency reaches a maximum and eventually starts to decrease. As the number of grooves increases, the losses eventually overpower the benefit of a high number of grooves and causes the coupling efficiency to decrease. The two loss mechanisms that control this are ohmic losses in the metal and coupling of light back into free space. For the layer thicknesses used in this simulation, the number of grooves was chosen to be 80 for each grating. This produced a reasonable coupling efficiency of 6.8% and a high quality factor of 108.
Waveguide Cavity Optimization.
The optimal width of a smooth cavity would need to be an integral number of wavelengths. But with the grating as part of the waveguide core, the average mode index is perturbed. To find the best conditions, the waveguide cavity was optimized by varying the cavity width (w cavity ) and cavity groove periodicity (Λ C ) simultaneously. When the cavity width is tuned to the grating resonance, the bandwidth of the transmission peak can further be narrowed. The number of grooves in the cavity grating is low enough that it can be thought of as a set of scatterers, coupling the light downward out of the cavity. This decreases the strength of the relationship between the coupling efficiency of the cavity and the cavity grating periodicity.
As seen in Figure 4 (a), the second-order input grating peak is suppressed after the introduction of an optimized waveguide cavity and the main resonance peak is enhanced. The second-order peak changed from 4.5% to 1.0% of the input power for the 11 μm resonance. The first-order peak was enhanced after the introduction of the main cavity. The Q-factor increased from 108 to 150, narrowing the FWHM from 0.10 μm to 0.07 μm. The efficiency also increased from 6.8% to 7.4%. Figure 4(b) shows how the transmission and Q-factor vary near a resonance. There is a tradeoff between the two metrics. The Q-factor reaches a maximum at a cavity width of about 26.8 μm, but the peak transmission reaches a maximum at 25.8 μm. Figure 5 shows the time average power flow of the optimized 11 μm structure at resonance. Above the input grating, the power entering the cavity is larger than the power being lost out of the sides in contrast to the equal power flow of the simple input grating. The power coupled into the waveguide from the two gratings interferes destructively on the outer portion of the structure, coupling more power into the cavity. Inside the cavity the germanium layer acts as a purely dielectric waveguide evanescently coupled to a surface plasmon waveguide (the metal cap) with the ZnSe-1 thickness controlling the coupling strength. Substantial interaction with the metal cap is obvious. The cavity grating serves to couple the power out of the waveguide in the downward direction. This structure is a band-pass filter which concentrates a narrow spectral band of infrared light from a large collection area (524 μm) into a small transmission area (22 μm). 
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Microbolometer Cavity
Optimization. An array of microbolometers was placed below the filter with a back reflector a fixed 2 μm below the pixels representing a commercially available focal plane array. The separation between the back reflector and the filter was adjusted to find the optimal vertical distance, with h MC being the only free parameter. This was varied while calculating the power absorbed in the microbolometer array for each of the optimized transmission filters with different resonant wavelengths. The absorbed power was summed over all the microbolometers in the array. Figure 6 (a) shows the peak behavior of our three filters as h MC is varied. From this, a single value for h MC was chosen to be 2.6 μm. At this value of h MC , the region where the microbolometer and input grating overlap acts as a waveguide.
At small values of h MC , less light couples into this region, and at values larger than 2.6 μm, more light escapes between the microbolometer pixels. Figure 6 (b) shows the absorption spectra for the three filters with h MC = 2.6 μm. Figure 7 shows the power flow in the optimized 11 μm transmission filter together with the microbolometer array. To summarize, input gratings couple power into the waveguide, which passes through the waveguide cavity, and is redirected to the microbolometer array. In the top image, the microbolometers (one centered under the cavity and parts of two others extending out of the model) are represented as white lines because they cannot be resolved at this scale. In contrast to the transmission filter alone where power beams from the center of the cavity, a closely spaced microbolometer results in power traveling along the microbolometer-vacuum-aluminum slot waveguide formed under the input gratings. The middle image provides a blowup of the power flow in this region with the microbolometer represented as a white bar. About 0.4% of the incident power leaks past the microbolometer centered under the cavity but is absorbed by its nearest neighbor. The final blowup shown at the bottom of Figure 7 shows the ohmic heating inside the microbolometer element. This demonstrates that essentially all of the power is absorbed in the upper SiN layer of the pixel membrane. (SiN has an absorption band that covers all of the LWIR.) 3.4. Discussion. The microfilters described here were designed with a primary criterion of FWHM <100 nm (Q > 100 for 10 μm resonance) for compatibility with atmospheric pressure absorption spectroscopy. This was obtained through a combination of a narrow resonance from the input coupling grating combined with additional narrowing from the cavity resonance. For the input gratings, the resonance Q increases with the number of grooves until it becomes limited by loss. There are two fundamental loss mechanisms captured by the modeling. One is ohmic losses in the metal due to the surface plasmon characteristic of the waveguide, with the strength adjustable through the ZnSe-2 spacer layer. The second loss mechanism comes from the fact that a grating that couples normally incident light into a waveguide will also couple light traveling down the waveguide back out into free space. There will be an optimum grating length for maximum power in the waveguide that depends on the scattering strength of an individual groove: lower scattering strength allows gratings with more grooves. The relatively low transmission efficiencies of the designs presented here are a direct result of this tradeoff and our choice of having input coupling gratings with Q > 100. Higher transmission efficiency can be obtained by allowing a higher line width in the coupling grating. Additional gains in transmission efficiency can be obtained by terminating the outer edge of the input gratings with an appropriately spaced high-reflectivity mirror to reflect light which escapes in the waveguide away from the structure back toward the cavity.
The waveguide cavity provides additional improvement in the Q, but the amount is limited in practice. In general, a longer cavity will have a higher Q provided propagation loss is minimal. However, this design leads to loss in the cavity through the output coupling grating in order to have transmission, which limits the cavity Q. The metal cap that blocks direct transmission through the cavity acts as an evanescently coupled surface plasmon waveguide, so there is also some ohmic loss here. The cap also sets a limit on the maximum transmission efficiency since any light directly incident on Table 2 Silicon-germanium Wavelength (μm) the cap is lost. In our design optimization, the cavity width was restricted to be less than 45 μm so that it would cover only a single microbolometer pixel. The incorporation of the microbolometer impacts both Q and transmission efficiency in a complicated manner, with Q decreasing for the 9 μm design but increasing for the 9.9 and 11 μm designs. Adding the microbolometer roughly doubled the transmission efficiency of the 9 μm design, slightly decreased the efficiency of the 9.9 μm design, and cut the 11 μm efficiency in half. Strong coupling between the various geometric parameters makes isolating the cause of this behavior difficult. But this coupling does provide the potential of substantial performance improvements through simultaneous multiparameter optimization. The dimensions of the microfilters presented here (∼500 μm average length) are compatible with fabricating a 100 wavelength channel spectrometer on a chip using a commercial 17 μm pixel pitch 320 × 240 focal plane array. The filters can be fabricated on the inside of the Si wafer lid used during wafer level vacuum packaging [13] , representing only a marginal increase in fabrication complexity. Our design used a ZnSe substrate for convenience, but this can readily be adapted to Si substrates by adding an additional ZnSe spacer layer between the substrate and metal cap. Achieving the small pixel to filter separation could be difficult with the filter on the lid, but the design can be optimized for larger separations if necessary. Alternatively, a multilevel MEMS fabrication approach could be implemented. The filter itself requires only standard photolithography, thin film processes, and dielectric materials commonly used for LWIR optical coatings. Filter fabrication should therefore be straight forward.
Conclusion
The design of a plasmonic narrow band-pass LWIR microfilter coupled to a microbolometer sensor array was presented. The filter can be tuned to select any desired wavelength in the full LWIR atmospheric transmission range by simple adjustment of horizontal parameters in a common set of lithography steps, greatly simplifying synthesis complexity relative to existing approaches. Bandwidths below 61 nm FWHM are predicted across the tested range. Using appropriate highand low-index materials, this design can be adapted for operation in the visible, infrared, or into the THz regions.
